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In Arabidopsis, there are at least seven class I acylhydrolase members, which have a putative
N-terminal chloroplast-targeting signal. Here, we show that all seven class I proteins are localized
to the chloroplasts and hydrolyze phosphatidylcholine at the sn-1 position. However, based on their
activities toward various lipids, Arabidopsis class I enzymes could be further divided into three
sub-groups by substrate speciﬁcity, one with phospholipase-speciﬁc activity, another with phospho-
lipase and galactolipase activities, and the other with broad lipolytic activity toward phosphatidyl-
choline, galactolipids, and triacylglycerol. These results suggest that the three sub-groups of class I
acylhydrolases have speciﬁc roles in chloroplasts.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Acylhydrolases play an important role in the regulation of cellu-
lar processes as diverse as seed germination, cell elongation, anther
dehiscence, defense signaling, and senescence in higher plants [1–
5]. Acylhydrolases are identiﬁed based on their lipolytic speciﬁcity
as belonging to different types such as galactolipases, triacylglyc-
erol (TAG) lipases, and phospholipases, all of which contain the
Gly-X-Ser-X-Gly core amino-acid sequence in their active site [6,7].
Arabidopsis DAD1 (DEFECTIVE IN ANTHER DEHISCENCE1) was
shown to preferentially hydrolyze phosphatidylcholine (PC) at
the sn-1 position [1]. DAD1 was suggested to regulate anther
dehiscence in ﬂowers by catalyzing the initial step in the biosyn-
thesis of jasmonic acid (JA). The Arabidopsis genome contains at
least 11 genes encoding DAD1-like acylhydrolases [1,7]. These pro-
teins are grouped into three classes according to sequence identitychemical Societies. Published by E
ISCENCE1; DGL, DONGLE; JA,
phosphatidylcholine; MGDG,
cerol; TAG, triacylglycerol;
; TLC, thin layer chromatog-
olipase A1; RT-PCR, reverse
.and presence or absence of a transit peptide [1,8]. Class I contains
seven proteins including DAD1, which have a putative N-terminal
chloroplast-targeting signal. Class II contains four proteins that are
predicted to localize to the cytosol. The class II protein At2g42690
was reported to be induced by UV-B treatment and characterized
as a defense signaling-related protein [9]. The sole class III protein
was predicted to reside in the mitochondria, but its cellular func-
tion is unknown.
Two class I proteins were recently characterized in Arabidop-
sis. At2g31690 was proposed to mobilize the fatty acids from
plastoglobular lipids, resulting in stabilization of the structural
integrity of the thylakoid membrane in chloroplast [10]. DGL
(DONGLE) was found to regulate vegetative growth under normal
conditions and play a role in JA biosynthesis during wound re-
sponse [5]. Interestingly, in addition to phospholipase activity,
DGL showed strong galactolipase activity, whereas At2g31690
displayed a TAG lipase-like activity. Thus, although DGL and
At2g31690 belong to the class I acylhydrolases and exhibit high
sequence identity, they have different lipolytic activities. To elu-
cidate more detailed biochemical properties of class I DAD1-like
acylhydrolases, we examined the enzymatic activities of seven
class I proteins toward various lipid substrates. To better under-
stand the role of lipid mobilization in Arabidopsis chloroplasts,
we also examined their sub-cellular localization and expression
patterns in tissues.lsevier B.V. All rights reserved.
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2.1. Real-time reverse transcription polymerase chain reaction (RT-
PCR) analysis
Arabidopsis Col-0 plants were grown as described by Oh et al.
[11]. Total RNAs were isolated from various organs, including
4-day-old seedlings, rosette leaves, stems, and ﬂowers, using a
plant RNA preparation kit (NucleoSpin RNA Plant; Macherey-
Nagel) as previously described [12]. RNA (2 lg) was treated
with RNase-free DNase I (Promega) to remove residual genomic
DNA. The reverse transcription reaction was performed according
to Seo et al. [13], and real-time PCR was conducted with
the IQ5 Multicolor Real-time PCR Detection System (Bio-Rad),
using 2X SYBR Premix Ex TaqTM II (Takara) and gene-speciﬁc
primer sets (Supplementary Table S1). To evaluate transcript lev-
els, Ct values for all genes were normalized to that of UBC21
(ubiquitin-conjugating enzyme 21; At5g25760) and were calcu-
lated relative to the value of the external control, 1 pg of the
At1g30370 gene.A
B
DGL
At2g31690
DAD1
At4g16820
At1g06800
At2g30550
At1g51440
↓
↓ ↓
↓
↓
↓
↓
↓
Seedling Leaf
0
25
50
75
100
250
350 DGL
At2g31690
DAD1
At4g16820
At1g06800
At2g30550
At1g51440
R
el
at
iv
e 
ex
pr
es
si
on
 le
ve
l
Fig. 1. Structure and expression of seven class I DAD1-like acylhydrolases. (A) Schemati
putative transit peptide. The lipase class 3 domain is shown in black. Solid lines depict t
consisting of Ser, Asp, and His residues is marked by asterisks. (B) Expression of chlorop
various organs of Arabidopsis. Results are means ± S.D. from ﬁve repeated experiments.2.2. Sub-cellular localization
The full-length cDNAs of class I DAD1-like acylhydrolases were
ligated into the soluble-modiﬁed green ﬂuorescent protein (GFP)
plasmid to construct 35S:Acylhydrolase-GFP under the control of
the CaMV 35S promoter. The GFP fusion constructs were intro-
duced into protoplasts prepared from Arabidopsis rosette leaves
by polyethylene glycol (PEG)-mediated transformation [14]. After
8 h of incubation, the protoplasts were viewed with a cooled CCD
camera and a BX51 ﬂuorescence microscope (Olympus, Japan) as
described previously [15].
2.3. Preparation of recombinant fusion proteins
Class I acylhydrolase cDNAs lacking the N-terminal transit pep-
tide sequence were ampliﬁed by PCR using gene-speciﬁc primer
sets (Supplementary Table S1), and the PCR products were intro-
duced into plasmid pMAL-c2X (New England BioLabs). The fusion
proteins were expressed in Escherichia coli (E. coli) BL21 (DE3)
strains and puriﬁed using amylose resin (New England BioLabs)
as described [14].* * *
* * *
* * *
* * *
* * *
* * *
* * *
Stem Flower
c representation of the seven acylhydrolases. Arrows indicate the cleavage site of a
he Gly-X-Ser-X-Gly motif conserved in the lipase class 3 domain. The catalytic triad
last-targeted DAD1-like acylhydrolase genes was analyzed by real-time RT-PCR in
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The in vitro lipase assay was performed as described by Seo
et al. [13], with some modiﬁcations. To measure phospholipase
A1 activity, 15 pmol of 1-palmitoyl-2-14C-palmitoyl-PC (2.22 GBq/
mmol; GE Healthcare) was incubated with 20 lg of recombinant
fusion proteins for 30 min at 30 C in a ﬁnal volume of 200 ll of
50 mM sodium phosphate buffer (pH 7.2). Lipids were extracted
and separated by thin layer chromatography (TLC) (Silica Gel 60;Bright  field              GFP                    DsRe
Fig. 2. Subcellular localization of class I DAD1-like acylhydrolases in Arabidopsis protopla
PEG-mediated method. The expression of the introduced genes was viewed after 8 h by ﬂ
35S:GFP and 35S:OsTRBF1 constructs were used as controls for cytosolic and nuclear proMerck), and radioactive products were detected using the Bio-
Imaging Analyzer (BAS2500; Fuji Photo Film).
To determine their substrate speciﬁcity, the recombinant fusion
proteins were incubated with 250 lM of various lipid substrates
(PC, MGDG, DGDG, or TAG) with or without 0.2% Triton X-100 in
200 ll of 50 mM sodium phosphate buffer (pH 7.2) for 30 min at
30 C. The free fatty acids released were extracted and reacted
using the non-esteriﬁed fatty acid (NEFA)-HR colorimetric kit
(Wako Pure Chemicals), and measured colorimetrically at 546 nm.d Merge
DGL:GFP
At2g31690:GFP
DAD1:GFP
GFP
At4g16820:GFP
At1g06800:GFP
At2g30550:GFP
At1g51440:GFP
OsTRBF1:GFP
sts. The 35S:Acylhydrolase-GFP fusion genes were introduced into protoplasts by the
uorescence microscopy (BX51; Olympus) under dark-ﬁeld or light-ﬁeld conditions.
teins, respectively. Scale bars = 10 lm.
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3.1. Structure and expression of seven class I DAD1-like acylhydrolases
The seven class I DAD1-like acylhydrolases have a putative N-
terminal transit peptide, a Gly-X-Ser-X-Gly motif in the lipase class
3 domain, and a catalytic triad (Ser, Asp, and His residues) as in
fungal and animal lipases (Fig. 1A).
We examined the spatial expression patterns of the class I
members using real-time RT-PCR with gene-speciﬁc primer sets.
As previously observed [1,5], DGL transcripts were present in seed-
lings and leaves, and DAD1 transcripts were present in ﬂowers,
suggesting that our real-time RT-PCR analysis works appropriately
(Fig. 1B). The mRNAs for At1g06800 and At2g30550, closely related
members of the class (Supplementary Fig. S1 and Table S2), pre-
dominated in all tissues examined, with At2g30550 mRNA levels
being higher than those of At1g06800. In contrast, the expression
of At2g31690 and At4g16820 was low in most tissues (Fig. 1B).
The At1g51440 gene was highly expressed in ﬂowers relative to
seedlings and stems. Collectively, among the seven members, ﬁve
(DGL, At2g31690, DAD1, At4g16820, and At1g51440) showed consid-
erable tissue-preferential expression, but two (At1g06800 and
At2g30550) were constitutively expressed in Arabidopsis.
3.2. Sub-cellular localization of class I acylhydrolases
To conﬁrm whether class I acylhydrolases are localized in chlo-
roplasts as predicted, we performed a protoplast transient assayM
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Fig. 3. PLA1 enzyme assays. (A) Chloroplast-targeted DAD1-like acylhydrolases cataly
radiolabeled 1-palmitoyl-2-14C-palmitoyl-PC. Reaction products were extracted and sepa
alternatively spliced forms of At1g06800 and At2g30550. (C) Gene expression analysis
At2g30550 (At2g30550.1 and At2g30550.2). Total RNAs (2 lg) were isolated from 4-day
each alternatively spliced isoform.using acylhydrolase-fused GFP as a ﬂuorescent marker. Fig. 2
shows that the control GFP was uniformly distributed throughout
the cytosolic fraction of protoplasts. In contrast, all of the GFP-
fused class I proteins displayed a speckled pattern in chloroplasts.
As a control for speciﬁcity, the localization pattern of rice telomere
repeat-binding factor 1 (OsTRBF1) [16] was determined. As previ-
ously observed, OsTRBF1 resides in the nucleus. Because a speckled
dot signal was typically detected for the chloroplast-localized pro-
teins [5,17], we conclude that the seven class I proteins are primar-
ily localized in the chloroplasts in Arabidopsis leaf protoplasts.
3.3. Chloroplast-targeted DAD1-like acylhydrolases exhibit PLA1
enzyme activity in vitro
Ishiguro et al. [1] reported that DAD1 shows phospholipase A1
(PLA1) activity. Because the class I DAD1-like acylhydrolases have
a highly conserved active site region, they have also been consid-
ered members of the PLA1 family [8]. To examine whether class I
proteins exhibit PLA1 activity, each protein was expressed without
its transit peptide in E. coli as a fusion protein with maltose-bind-
ing protein (MBP). The putative cleavage site of the transit peptide
for each protein was determined using the ChloroP program
(www.cbs.dtu.dk/service/ChloroP) and based on previous reports
[1,5,10]. The puriﬁed recombinant fusion proteins were incubated
with 1-palmitoyl-2-14C-linoleoyl-PC as a phospholipase substrate,
and the 14C-labeled hydrolysis product was detected using TLC.
Fig. 3A shows that the radioactive products were clearly found in
the lysophosphatidylcholine (lysoPC) fraction in all but theAt1
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ze the hydrolysis of PC at the sn-1 position. PLA1 activity was examined using
rated by TLC. (B) Comparison of the derived C-terminal amino-acid sequence of the
of alternatively spliced forms of At1g06800 (At1g06800.1 and At1g06800.2) and
-old Arabidopsis seedling. RT-PCR was performed with gene-speciﬁc primer sets for
Y.S. Seo et al. / FEBS Letters 583 (2009) 2301–2307 2305At4g16820 and At2g30550 lanes. Because the predicted transit
peptide length of At4g16820-P37 is relatively short and its N-ter-
minal divergent region is approximately two times longer than
that of the other proteins (Fig. 1A), we constructed another MBP-
At4g16820 protein lacking the N-terminal 116 amino-acid resi-
dues (Fig. 1A). This fusion protein, designated At4g16820-S117,
showed a signiﬁcant radioactive signal in the lysoPC fraction
(Fig. 3A).A
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Fig. 4. Lipolytic enzyme assays to determine substrate speciﬁcity. Lipolytic activities of se
100. The lipolytic activities were determined using the NEFA-HR kit with PC, MGDG, D
independent experiments.At1g06800 and At2g30550 each have two isoforms generated
by alternative splicing (Fig. 3B). The amino-acid alignments of
these four isoforms revealed that the C-terminal region of
At2g30550.2 was highly homologous to that of At1g06800.1 pro-
tein. RT-PCR analysis revealed that At1g06800.1 and At2g30550.2
were more strongly expressed than the other isoforms, suggesting
that these two genes encode functional proteins (Fig. 3C). To exam-
ine this possibility, the PLA1 activity of puriﬁed MBP-At2g30550.282
0-S
11
7
At
1g
06
80
0.1
At
2g
30
55
0.2
At
1g
51
44
0
82
0-S
11
7
At
1g
06
80
0.1
At
2g
30
55
0.2
At
1g
51
44
0
ven class I acylhydrolase proteins in the presence (A) or absence (B) of 0.2% Triton X-
GDG, and TAG as substrates. Results are expressed as the means ± S.D. from four
2306 Y.S. Seo et al. / FEBS Letters 583 (2009) 2301–2307protein was measured. Unlike MBP-At2g30550.1, MBP-
At2g30550.2 showed strong PLA1 activity, comparable to that of
At1g06800.1 and At1g51440 (Fig. 3A). Taken together, these re-
sults indicate that the seven class I acylhydrolases can catalyze
the hydrolysis of PC at the sn-1 position in vitro as predicted by
their close sequence homology to DAD1. In addition, alternative
RNA splicing is critically involved in the expression of functional
proteins for At1g06800.1 and At2g30550.2.
3.4. Substrate speciﬁcity of chloroplast-targeted DAD1-like
acylhydrolases
The results in Fig. 3A show that the seven class I acylhydrolases
displayed considerably different degrees of PLA1 enzyme activity.
At1g06800.1, At2g30550.2, and At1g51440 showed strong PLA1
activity, but DGL, At2g31690, DAD1, and At4g16820-S117 dis-
played relatively lower activity. This raises the tantalizing possibil-
ity that class I acylhydrolases can catalyze the hydrolysis of other
substrates more readily than phospholipids. Previous studies
[5,10], reporting that At2g31690 has TAG lipase-like activity and
DGL can hydrolyze DGDG preferentially also support this possibil-
ity. To identify the speciﬁc substrate for each class I member, puri-
ﬁed recombinant proteins were incubated with PC, MGDG, DGDG,
or TAG, and lipolytic activity was monitored using the NEFA detec-
tion kit.
Fig. 4A shows that DGL, At2g31690, and At4g16820-S117 exhi-
bit strong activity toward DGDG, while At1g06800.1, At2g30550.2,
and At1g51440 exhibit moderate activity toward all four sub-
strates. As found previously [1], DAD1 showed a phospholipase-
speciﬁc activity (Fig. 4A). DGL generated NEFA products from
DGDG in amounts three times greater than for other substrates,
in agreement with a previous report [5]. Under our experimental
conditions, At2g31690, previously characterized as a TAG lipase
[10], exhibited low TAG lipase activity but strong galactolipase
activity toward both MGDG and DGDG. This contradiction might
be due to the different source of puriﬁed protein; Padham et al.
used resin-bound protein [10], but resin-free eluted protein was
used in our experiment. At4g16820-S117 hydrolyzed DGDG as
well as TAG, but showed very low activity toward PC and MGDG.
At1g06800.1 and At2g30550.2, which are closely related members
(Supplementary Fig. S1 and Table S2), exhibited highly similar
activity, hydrolyzing all four substrates (Fig. 4A).
At1g51440 also showed broad lipolytic activity. Intriguingly,
this protein exhibited very strong activity toward MGDG when Tri-
ton X-100 was removed from the incubation solution (Fig. 4B).
Generally, Triton X-100, a non-ionic detergent, increases the solu-
bility of lipid substrates in water [18], resulting in higher accessi-
bility of the substrates to enzymes. Consistent with this view, the
activities of DGL, At2g31690, DAD1, and At4g16820-S117 were
abrogated in the absence of Triton X-100. Thus, At1g51440 is a dis-
tinct MGDG lipase.
Based on these results, Arabidopsis chloroplast-targeted DAD1-
like class I acylhydrolases can be further divided into three sub-
classes by their substrate speciﬁcity. One sub-class, DAD1, contains
a phospholipase-speciﬁc activity, another sub-class, including DGL,
At2g31690, At4g16820, and At1g51440, possesses phospholipase
and galactolipase activities, and the other sub-class, composed of
At1g06800, and At2g30550, is able to hydrolyze all four lipid sub-
strates. These functional categories do not appear to be correlated
with the proteins’ sequence homology (Supplementary Fig. S1 and
Table S2) or expression pattern, except for those of At1g06800.1
and At2g30550.2 (Fig. 1B). Taken together, these results indicate
that each DAD1-like acylhydrolase may play a speciﬁc role in chlo-
roplast. Because At1g06800 and At2g30550 had similar sequences
and showed similar expression patterns and lipolytic activity, they
may perform similar functions in chloroplasts. Both At4g16820and At1g51440 possess galactolipase activity, but their hydrolysis
of different galactolipids (DGDG and MGDG, respectively) and dis-
tinct optimum conditions (with or without Triton X-100) may indi-
cate that they have different roles. Although all seven enzymes
appear to be present in chloroplasts, their exact localization in
chloroplast, inner envelope, outer envelope, or thylakoids, should
be elucidated. Thus, further biochemical and molecular genetic
analysis, such as pH optima and loss-of-function and gain-of-func-
tion studies, are required to elucidate the biological relevance of
DAD1-like class I acylhydrolases in Arabidopsis.
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